We report the experimental demonstration and numerical modeling of phase-locking cascaded Stokes waves generated by Stimulated Brillouin Scattering via Kerr nonlinear four-wave mixing in a short, chalcogenide fiber resonator, producing phase-locked trains of picosecond pulses.
Introduction
In the nonlinear optical process, known as Stimulated Brillouin Scattering (SBS), a narrow-band pump field of frequency  P generates a strong backward-propagating Stokes field of frequency  1S = P -  through coherent interaction with acoustic phonons (frequency   ). Brillouin lasing is achieved by generating Stokes photons via SBS in a cavity [1] . The linewidth of the Stokes field can then be much narrower than the Brillouin gain bandwidth  = 1/(2), where  is the phonon lifetime. In the general (off-resonant) case, the peak of the SBS gain spectrum does not coincide with a cavity resonance and the frequency of the Stokes wave is determined by an interplay between Brillouin gain and cavity selectivity, known as Stokes detuning [2] .
SBS can be cascaded in resonators, which produces multiple Stokes waves spaced by    thus forming a Brillouin frequency comb (BFC) [3] [4] [5] . Phase-locking of the BFC components would enable producing picosecond pulses with repetition rate   (~ 8-10GHz for glasses). However, SBS by itself provides no mechanism to produce or stabilize a particular spectral phase of the BFC. Individual acoustic waves with different propagation constants couple each pair of adjacent comb lines [2] . In the absence of any additional nonlinear effect the acoustic and the Stokes waves grow from noise with random phases. In addition, phase-noise and unequally spaced comb components, due to different Stokes detunings, lead to a changing spectral phase of the BFCs with time, preventing the generation of stable pulse trains [2, 3, 6] .
Kerr-induced four-wave mixing (FWM) also generates new frequencies and, unlike SBS, is known to couple three or more optical waves in a phase-sensitive manner [7, 8] . The current understanding of the interplay of FWM and SBS so far is limited to the generation of anti-stokes waves and to the role of FWM in reduction of the threshold for cascaded SBS [9] .
Here, we report the experimental demonstration of phase-locked pulse trains generated by the interplay of SBS and FWM in a configuration where FWM is strong enough to phase-lock the BFC. The BFC is generated in a short (36cm), low finesse, Fabry-Perot, highly nonlinear chalcogenide fiber resonator. Real-time measurements of the BFC show stable picosecond pulse trains of GHz repetition rate. A numerical study clearly establishes that FWM is essential for the system's dynamics to attain a phase-locked steady state.
Experiment and Results
BFC were generated by coupling polarized quasi-continuous waves (quasi-CW) pump light into a Fabry-Perot cavity consisting of a short piece of As 2 Se 3 chalcogenide glass fiber as illustrated schematically in Fig. 1 (a) . Quasi-CW light was used to avoid thermal effects while coupling peak powers of about 1W into the fiber. The pump light consisted of narrow band 500ns square pulses at  = 1550nm. Due to a large refractive index of 2.81 of As 2 Se 3 , the Fresnel reflections on the perpendicularly cleaved fiber facets provided feedback of about 23%. The transmitted signal was characterized with an optical spectrum analyser and a photodiode connected to an oscilloscope (80 GSa/s, bandwidth 33 GHz) which allowed real-time analysis of the transmitted signal. Fig. 1 (b) shows the spectrum of the BFC generated in the fiber cavity. The spectrum shows three orders of Stokes waves (1S -3S) at longer wavelengths compared to the pump (P) and two orders of anti-Stokes waves at shorter wavelengths (1AS, 2AS) generated by FWM. The wavelength spacing between the waves is  = 64pm, which corresponds to the Brillouin frequency shift   = 2c² = 8GHz in As 2 Se 3 , where c is the vacuum speed of light. Fig. 1 (c) displays eleven independent output pulses generated by eleven 500ns input pump pulses coupled into the fiber with 0.5ms time separation. Each of the pulses exhibits the same temporal behavior: after about 25 ns, the pulses show rapid, high contrast modulation arising from the interference between pump and generated Stokes waves and after 100ns a steady state is reached with a constant envelope of the modulation. Fig.1 (d) shows zoomed-in sections of the interference signal in the steady state revealing a stable train of ~40ps sub-pulses with   8GHz repetition rate. For all eleven independent 500ns input pulses the generation of the same stable pulse train was observed. This means that the dynamic interaction between pump and Stokes waves attained the same phase-locked steady state with the identical spectral phase of the BFC for all independent measurements. We numerically confirmed that FWM can phase-lock the BFC in our configuration. The numerical study was performed using coupled mode-theory including forward and backward propagating pump, first, second Stokes wave and corresponding acoustic waves. We included terms for SBS, self-phase modulation, cross-phase modulation and FWM. Fig. 1 (e) displays the simulated output signal showing a phase-locked train of pulses in good agreement with the experimental results ( Fig. 1. (c) and (d) ). Fig. 1 (f) shows the simulated output signal obtained when FWM was not included in the simulation. Without FWM the phase-relationship of the waves changes with time and no stable pulse train is generated.
This new understanding of the interaction between FWM and SBS can potentially be exploited for creating novel, compact, GHz repetition rate pulse sources for optical communication systems and high speed optical clocks.
